
.

Submittcc!  on

(klobc.r 5, 1994
to the. Journal of Chmicai Physics

Association Reactions at low
Pressure,

5. ‘1’hc C113+/HCN System.
A Fikd Word?.

17inccnt  G .  Anicich, Atish 1). Sen,a a n d  W e s l e y  T .  IIuntrcss, Jr.

Jet Propulsion I laboratory,

California lnstitutc of ‘1’cchno]ogy,
4800” oak Grove Drive.,
Pasadena, CA 91109.

M u r r a y  J. McEwan,~

Department of Chcmist:y,

lJnivcrsity of Canterbury
Christc}~um}], Ncw Zea land .

a NRC-NASA Research Associate, at .I1’1. 1989.
b N~~-NASA J{~scalch Associate at J])], ] 993,



.

b

AIISTRACT

“1’he reaction of the methyl cation with hydrogen cyanide is revisited.

We have, conf idence that we have re.solved a long standing apparen t

contradiction of experimental results. A literature history is presented
along with one new experiment and a reexamination of an old experiment.
In this presemt work it is shown that all of the previous studies had made
consistent observations. Yet, each of the previous studies fai led t  o
observe all of the information present. ‘1’he methyl cation does react with

II(:N by radiative association, a fact which had been in doubt. The

product ions formed in the two-body and three-body jnocesses reac t

differently with }ICN. ‘1’he collisionally s tab i l ized  assoc ia t ion  product
formed by a thrcm-body  m e c h a n i s m , d o e s  n o t  react  with IICN and  i s
readily detected in the experiments. The radiatively stabilized a s s o c i a t i o n
product, formed by a slow two-body reaction, is not detected because i I
reacts with IICN by a fast proton transfer reaction forming the proton atcd
IICN ion. Previous studies either ‘lost’ this product in the extremely large
p r o t o n  ate.d lICN signal  that  is  always present when lICN is used, o r
discounted it for various reasons. WC have been able to show by ion

cyclotron resonance (I(X) techniques ( b o t h  I’”l’-lCl< a n d  t a n d e m  lCR-
Den~pstcr-lCR)  that the radiative association product CIOCS react with t h e
1 ICN to form the protonated  IICN ion.



INrl’ROlllJC’J’lON

‘1’hc reaction between CIIS+ and IICN was reported in 19791 to }~ave

a radiative association mechanism. In that original work two pieces o f
information were used to make the dccluction. It was observed that the

n u m b e r  o f  CII~+ ions at 15 ]Ialtons, (iccreased  with t ime by a second

order process with a rate that was proportional to the product of the two

concentrations: [CII~+] and [} ICN]. A bimolecular reaction rate coefficient

bascci on the removal of C}I~+ of, kz = 2 x 10-10 cm~ s-l, was measured a t
- ] ()-? ‘J>orr and at -- 100 IIIS. ‘1’he other piece of information was that a t

- 10-s Torr and after a drift time of - 1 ms, the product ion, C~114N+, was

identified using double resonance techniques. lt was therefore deduced

~hat the reaction removing C113+ could be written as

(:11: + ]lCN - ) CH3NC11’ i hV ( 1 )

A year later after continued study it was determined that the same
rwactants  also had a competing three- bociy stabil ization nlecllanisn12. lt
was determined that a second mechanism exhibited third order kinetics
witl~ a measured bimolecular reaction rate coefficient that was dependent
on the pressure. It was therefore dcduccd tha t  a  second  assoc ia t ion
reaction could bc written as

CHj + ICN -t M - ) C113NCH’ + M (2’)

It was assumed in the second study that the double resonance

identification of the association product under the three-body conditions
Reactions (2) also applied to the bimolecular radiative. association
reaction (Reaction (1 )).

“1’he reaction rate coefficient  fol
third-body, M, was reported as k3 == 5 x

consistent with earlier higher pressure

3

Reaction (2) when IIc was
()-25 C1116 s-l, ‘1’hjs ~bser-vatjon

selected ion flow tube (S1

h e
is

““l’)



obscrvations~~4,
with a two-body
pressure of 0.5
increased to k~
stabilization of

in which the association reaction was noted to proceed
reaction rate coefficient of 2 x 1 O-g cnl~ s-l, at a helium
Torr. W h e n  M  = IICN, t h e  r e a c t i o n  r a t e  c o e f f i c i e n t
= 1.1 x 10-2”3 Cnlc s-l s. The results  for collisional

(CH~NCH+)* b y  Ilc WCIC also examined in a variable

temperature SII;”l’-Ilrift study by Smith and Adams6 with the similar results
to the earlier SIbT  study. lilevating the temperature to 580K resulted in t h e
three-body rate being reduced to k~ = 3 x 10-~6 cm~ s-l, when IIe was t h e

third-body. A similar decrease in the three-body rate was accomplished by
increasing the kinetic energy of the methyl ionb.

A very different result  was prcscntcd by Kempcr,  Bass, and llowersT
in 1985. They followed the three-body stabili~ation reaction from 1 x
1 ()-4 ‘1’orr to 1 x 10-5 Torr and found only an upper limit of kz = 5 x 10-12

Cm~ s- I f o r  t h e  r a d i a t i v e association channel. ‘1’he reaction r a t e
coefficient they measured for the three-body reaction with Ile was k~ =

2.2 x 10-2s  cmc s-l. This set of experiments was carried out in a tandem
lCI<-Ilcr~~~~ster-lCR spectrometer where  the ion source was separated from

the reaction region and only the reaction region contained 11(:N. ‘1’hc
authors concluded thatT

“’]’he CH~i - t  IICN -> [Cll~+- -IICN] association reaction has been

reexamined b y  using b o t h  tan(iem ICR and drift lCR
spectromcterso 1[ appears that the fmt radiative stabil ization
channel reported previously was due to interfering

bimolecular reactions and that radiative stabilization dots not
occur to a significant  extent  in this  system; i .e .  any low-
pressure - bimolecular rate coefficient must be less than -5 x

10-12  Cnls s-l, ”

All the three-body

used both the parent

abundance, C2114N+, tO

reaction studies

ion abun(iancc,

determine the

differs from the radiative association

at low pressures (<1 0-3

CIl~+, and  the  product

reaction rate coefficient.

‘1’err)

ion

This

rate constant measurements

measured in the trapped-mode ICR experiments, where only the C113+ ion
was foliowed. In point of fact at no time has the presence of a product
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ion for the “radiative association” reaction been accounted for in the ICR
trapped mode experiments.

A MIKHELCID stuctys was able to show that at high pressure ( 10-4
“1’err) the low energy collisionally stabilized products had the structure of
Cll~CN 11+. At lower pressures (<10-5 ‘I’m) the adduct ha
that of Cll~NCII+.

Gi lber t  and  McIiwang and Smith er all o u s i n g

modeled the C113+/IICN system. ‘J’he model was found to

to the structure of the collision complex and the transit
reactants. ‘J’hey Cc)nc]ucted tha t  the  CIl~NC}I+ is  the

I a structure like

RRKM methods ,

be very sensitive

on state back t o
structure of  the

association product that best fits the kinetic data of both the ICI{ and Sli’”1’,
even though the CI13CN 11+ structure has the lower heat of formation.

Results  of  four different experiments will  be presented a n d
cliscusscd. Two will bc the results of the low-pressure trapped-mode ICR

and FT-lCR  experiments between 10-7 and 10-6 Torr. The other two results
will be higher pressure results from drift-mode lCR and tandem lcl<-
Den~pster-ICJ< experiments between 10-s and 10-3 Torr. An interpretation

will be presented and applied to the observations from the four different
exl)crimcnts.

‘1’hc ncw experiment is the 1:1’-10{. A reexamination of the tandem
lCl{-l)er~ll~stcr-l Cl{ experiment will also be presented.

l{XPIiRIMI;N1’Al  .

‘l’he trapped-mode lCR and drift-mode ICR experiments were n o t
performed as part of this work. Dcscril)tic)ns of these experiments can b e
found in the references cited.

],”]’.]~~

“1’hc IIT-lCR exper iments were per formed using an OMEGA 50

Ion Spccl 1 Fourier Transform hlass  Spcctrometcr.  Briefly, the instrument
utilized computer controlled cligital l;’l’-10 technology. Special features of
this instrumentation inclucled: sequential multiple double  resonance

ejection, pulsed gas inlet system, and a 10” Walker Scientific

electromagnet. The magnetic field was typically 1.1 Telsa.  The cell was a
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single 5 . ( )  cm cube, lllectron  i]npact  i o n i z a t i o n  w a s  u s e d  to initiate
ionization. ‘1’he cell was pumped by a Balz,er 330 1 s-l t u r b o  m o l e c u l a r

pump.

Tandem ICR-l)e)f)pstcr-ICll

‘1’his instrument w a s  built
~)reviously12. “It htis been rclocatcd

‘1’he design is an adaptation

at 11(XB and has been described
to J] ’I. (see acknowledgments.)
of that used by Smith and Futrelll~.

Instead of the standard Dempster source an ICR ccl] was used as the ion
Source. ions generated in this ccl] are accelerated to typically 3000 volts
ant] bent through 180 clegrces. A second ICR cell is located 4.74 cm from
the first, the 15 Dalton ions are guided into this second ICR by adjusting

the magnetic field. “1’he ions are,  decelerated and introduced into the
second ICI< through a (),5 mm thick Wein filter which is 3.8 mm long. “l’his
design oJlly allows ions with less than ().3 eV of translational energy t o
enter  the detection ccl]. A Wronka  bridge detection circuitl 4 was used t o

measure the ion abundances within the de~ection cell.

RllSIJl ,’I’S AND DISCUSS1ON

T r a p p e d - m o d e  I(;R

‘1’ypica] results of experiments reported earlier from o u r
la boratoryl>z arc  shown in  l;igurc 1. ‘l’he e x p e r i m e n t cons is ted  of

r e c o r d i n g  C113+ ion densit ies at  different  trapping t imes for known

pressures of HCN in the lCR cell. ‘1’he reaction rate coefficients for t h e

reaction of CH3+ with lICN were found from the slope of the semi-log p] ot

of CII~+ abundance, against the trapping time. Analysis of many such

decays resulted in the reaction rate coefficient of 2 x 10-10 flO% cm~ s-l.
A typical mass spectrum of the. ions in the ICI{ cdl is shown in Figure 2,
‘1’hc ions present arc at masses 15, 16, 17, 2.6, 2.7, 28, 29, 38, 39, 40, 41,

4 2 ,  a n d  43 Daltons. “J’hcse cor respond to  the  ions :  C113+, C114+, C115+,

C2113+ , CN+, IICN+, IICNII+, C2112+, C2113+”, C2114+, C2H5+, CIJ2CN+, C3114+,

C3115+, CII~CNll+, and C3117+, ‘1’hc pertinent react ionsl  S in the ICR cell arc

6



thcll:

( 3 )

( 4 )

CH: + CH4 -+ C2H: + Hz

CH+
1

i cH~ - )  CH: -t CH3
CII ~ + HCN - ) HCN1l + + CH3

–) CII ~CNIl + + 11

C2H: + CH4 -> C3H;  -t H2

C2H : + HCN -> }ICN}I i + C ?H d

CN+ + CH4 -) CH: + IICN

-) CH; + CN

-) klCN + + CH3

-> CH2CN ‘ + H2

CN ’ +  lICN -) IICN i + CN

–-> C2N ; + H

HCN + -1 C H4 –> llCNH + + cH~
-) CzH~ +  N H2

HCN ‘ -t HcN –> HCNH ‘ - t  CN

( 5 )

( 6 )

( 7 )

( 8 )

( 9 )

( 1 0 )

( 1 1 )
( 1 2 )
( 1 3 )
( 1 4 )

( 1 5 )

( 1 6 )

( 1 7 )

( 1 8 )

of the ions produced in the ICI{ cell by cle.etron impact and the reaction

sequence (3) through (1 8), the prc)tonatc,d hydrogen cyanide ion,
is the most abundant. LJsing t h e double resonance technique

Reactions (3) through (18) could be verified, but tile p roduc t
R e a c t i o n  ( 1 )  c o u l d  n o t  b e  confirn~ed.  @ several  o c c a s i o n s

I ICNI 1+
a l l  of
ion  of
double
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resonance experiments inciicatecl a small fraction of the IICNI1+ ion was

derived from C113+, but this was not reproducible. A problem inherent i n

establishing a double resonance link between C113+ and IICNII” is that the

28 Daltons  signal is very large due to primary ionization of IICN a n d
subsequent proton transfer to IICN.

These results are new. We were able to observe the reaction of C113+

w i t h  lICN u s i n g IU’-ICR t e c h n o l o g y  o n  an lonSpec F1’-ICR m a s s

spe. ctrometer]l. “1’he methyl ion was generated by electron impact o n
methane in a one cell instrument with IICN present during the whole
experiment. A pulsed valve was used to introduce the methane into the
spectrometer. “1’hc valve was open for 2. milliseconds. After a delay of 80
milliseconds, a 5 millisecond pulse of electrons was used to ionize the
gases. in a resultant mass spectrum iolts were identified at 15, 16, 17, 27,

28 ,  29 ,  and  42 Daltons. Minor peaks at 18 and 19 Daltons  were also
present. The mass spectrum at this stage was identical to the trapped-
mode 1(3< experimental results. All ions were then ejected from the cell by

sequential double resonance ejection except the C113+ ion at 15 Daltons.
‘I%r ejection sequence started fifteen milliseconds after the electron pulse

and lasted for about 16 milliseconds. The reaction of C113+ and IICN were

then allowed to proceed and the ions in the cell were monitored for the
next  210  ms  as  they reac ted .  l:igure  3 shows the results  of  one of t}~cse
experiments. It is noted that the methyl  i o n  c o n c e n t r a t i o n  d e c r e a s e s
exponentially with time, while the protonated lICN species increases. TIIC
protonatcd methyl isocyanide product, representing the collision complex
and the radiative association product ion, stays at a steady state level of a

few percent. We also found the IICNII+ ion signal decreased when the

Cl] 3+ ion was ejected using a double resonance rf field as it also did when

the 42 Dalton ion was irradiated. This second observation of a decrease i n

lICNII+ upon double resonance cjectioll  of (C113NCII+  )*, indicates some

II CNII+ ions are derived from C113NC11+, via the Reaction (19).

CX3NCH+ + IICN -+ IICNII+ + C113NC ( 1 9 )

8



Although Reaction (19) is endothermic by 1.48 kJ/n~ol. for reactants in

their ground states, the formation process for CII~NCll+ in Reaction (1) is

so exothermic  that the CII~NCIl+ ion should have sufficient excess internal

energy  to drive the reaction. Several  other reactions were considered

linking the Cll~+ ion to the IICNI1+ ion, but Reaction (19) was the least

endothermic option.

‘1’hcse observations allow us to present the  fo l lowing

mechanism to represent the reaction sequence in the system.

CH: + HCN 4> (C H3NC H ’ ) ” ( 2 0 )
(CH3NC H+)”  -+ (C H3NC H+)* + hv ( 2 1 )
(CH3NC H+)*’ + M --> CH:, CNH+ + M ( 2 2 )
(CH ~NC H + )*+ HCN -+ HCNH+ + CH ~NC ( 2 2 )

Cl] ~CN Hi+ llCN –> no react i or ( 2 3 )

A model based on Reactions (20) through (23) is plottdd  in I;igure 4, We

note that  in this  model the coll ision c o m p l e x  (CII~NCll+)**  can be
stabilized by either radiative association or collision stabilization, ‘1’he

collisionally s tab i l ized  CII~CNI1+ is not reactive with lICN, while t h e

radiatively s t a b i l i z e d  (CII~NCII+)*  i s .  T h e  r e s u l t s  o f  t w o  f u r t h e r

experiments were examined to test the proposed mechanism.

l)rift-mocic ICR

‘1’hc drift-mode ICI< results we have called on were extracted from
literature sources~~5>7. The experiments consist of observing the parent

ion and product ions as a function of the ccl] pressure. The CII~+/IICN

system has been examined in this way for the parent neutral, IICN, as well
as other third bodies like IIc, Nc, and Ar. I’he analysis performed was t o
measure the peak heights of both the reactant and the products and using
the power absorption equations to determine an effective second order
reaction rate coefficient. ‘1’he cffectivc second order reaction r a t e
coefficients were then plotted against tl]c third body pressure, I:igure 5

9



shows these results and reveals that the effective second order reaction
rate coefficients increase linearly with pressure in this range and have a n

apparent zero intercept. ThiS observation appears at first to indicate that

the associat ion reaction is  third order and has no measurable second
order reaction rate coefficient. This was in fact the conclusion of Kemper,
Bass and Bowers7 on viewing their results, ~’he drif t-mode operation of
the ICI{ results in the reaction sequence (3) through (18) competing
simultaneously with reactions (20) through (23).  ~’he m a s s  s p e c t r u m
shown in Figure 6 demonstrates the multiple ion problem under typical
drift-mode conditions,

‘1’o confirm their predictions, Kempcr,  Bass and BowersT used the
tandem lCR-Dcmpstcr-lCR  instrument which avoids compl ica t ions  of
mu]tiple  many ions and neutrals that occur in the reaction region of a
single ccl] instruments.

Tandem ICR-Dcmpster-lCl{

‘l’he results we present from this instrument are from one previous
study7 plus some new results using the same instrument as in the earlier
study. “l-he literature results from the tandem instrument were entirely
consistent with the drift-mode ICR results, in that collisional stabilization
of the association complex is found to be very efficient. ‘1’hcse earl ier
rcsu]ts  w h i c h  a r e  c h a r a c t e r i s t i c  o f  bot}l t}]e drift-nlode ]CR and tandcm
instruments, are shown in ]iigure S and present the variation in effective
second order reactic~n rate coefficient with the third body pressure. There
is an important dist inction between the drift-mode ICR and the tandem
instruments. In the tandem, the ion source is completely separate from
the reaction region, Methyl ions are generated in the source lCR cell from
either methane of methyl bromide. ‘J’hc llcmpstcr section transfers t h c
methyl ions from the source cell i]lto the I(X reaction-detection cell. IICN
at a known pressure. is added into the reaction-detection ICI< cell and the
reactant and product ions are all monitored.

W i t h  t h i s  c o n f i g u r a t i o n  i t  b e c o m e s  possible to detect very  low

densities of the product ions that  have more t h a n  o n e  s o u r c e  o f
production. The mc}del that we proposed in Reactions (20) through (23)

for the association of Cll~+ and IICN, as well as the results of the

10



experiments with the lrl’-ICR instrument, suggest
product of the proton transfer reaction bctwccn  the

collision complex (CII~NC}l+)* and lICN. As wc have

sources of II CNII+ in single cell instruments obscure

t h a t  }ICNII+ i s  t h e
radiatively stabiliz,e.ct

noted earlier, other

this reaction product.
Our new experiments with the tandem did show low concentrat ions of

11 CN 11 ‘“ as predicted by the model. A mass spectrum of the ions seen in the
tandem experiment is shown in l;igure 7. ‘1’he abundances of ions at 1 S,
28, and 42 Daltons  were recorded at different IICN pressures and their
measured abundances are compared with calculations based on the mod cl
presented in  Reac t ions  (20)  th rough (23) in Iiigure 8.  The points are

experimental and the lines are

shown in l;igure  9, the relative

model arising from association
compared to those stabilized by

We have noted that  the

the model calculations. Finally we have

amounts of Cjl~NCII+ predicted by the

from complexes stabilized by ]-adiation
collision with a third body.
new tandem experiments confirm t h e

predictions of the model, in that a small steady state concentrat ion of

IICNII+ was observed in the 10-5 Torr  range of IICN. The earlier work o n
the tandem instrument on this system makes no mention of a product a t
28 I)altonsT. Private communication Wit}l t}le a u t h o r s on this work
revealed no evidence that this peak was observed or even looked for. The

very low concentrations of the IICNI1+ ion would however have made it
very easy to have been overlooked. The observation of a very small b u t

neve~theless significant density o f  llCNll+ i s  v i t a l  f o r  a  c o m p l e t e
understanding of the stabilization mechanism of the association complex

in the CIl~+”/l ICN system.

C(lNC1.lJSlON

We have amalgamatecj  measurements from four different techniques

in order to understand the association mechanism be tween  CII~+ and

}ICN, When used in isolation, the conclusions based on evidence from [i
single technique can be interpreted quite differently than conclusions
based on the results  of  the four techniques taken together.  I t  is  the
inclusion and extrapolation

that have led to conflicting
of results from isolated experimental methods
statements about the association mechanism
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in the CII~+/llCN  system. ‘1’he s i tua t ion is very similar  to the Indian

fab]eld in which all elephant is examined by six blind men. Each individual

t o u c h e s  a different  part  of  an elephant and each reaches a different

conclusion as to the nature of the beast.
‘1’he amalgamation in this work of the results from al l  four

techniques shows that the simplest mechanism that can explain all the
observations is the one given in Reactions (20) through (23).  in brief

CII~+ does react with IICN by a radiat ive associat ion channel,  with a

reaction rate coefficient of k=2x 10-10 cm3s-1. The association complex
also undergoes very efficient collisional stabilization. A t  t h e  l o w e r
pressure I(X experiments (e.g. ‘1’rapping-mode), reaction times are 100

times longer than the higher pressure 10{ experiments (e.g. Drift-mode).

Quite different outcomes of the collision complex can eventuate in the
different pressure regimes making it difficult to extrapolate the results
from one pressure regime to the other, The drift-mode and the tandem
results which gave effective zero intercepts on their kz versus pressure

plots (Figure 5) cannot be interpreted as evidence tha t  rad ia t ive

association is unimportant in the CII~+/IICN system. Rather,  i t  s imply

reflects  the fact  that  the t ime bctwccn collisions is shorter than th c
collision complex lifetimes to radiative stabilization,

Finally, we note that the differences in reactivity between radiative

stabi]iz,ation  complex (C113NCII+-)* and the collisionally stabilized complex

(C113CN11+) are consistent with earlier structural analysis of the products.

As noted in the introduction the high plessure MIKE-CID resultss indicate

the, collision stabilized product has the CII~CNII+ structure. On the other

hancl Smith et -al,1 O found the Cll~CNII+ structure to be inconsistent with

the transition state requirements. It seems reasonable t o  a s s u m e
therefore, that the initial stabiliz,cd structure is C} I~NCIl+ ion by both

stabilization channels which is reactive in the initial energy state towards
lICN. Collisions with a third body rapidly isomerizes this to the more
stable Cl13CNII-t ion which is unreactive towards IICN.

ACKNOW1.I{DGMENI’.

The work described in this paper was carried out at the Jet

12



Propulsion Laboratory, Cal i forn ia  lnstitutc of “1’e.chno]ogy, under contract
with the National Aeronautics and Space Administration.

We also again give thanks to Michael “1’. Ilowers  for }~is very generous
gift of the Tandem ICl<-l]er~~pster-lCI{  instrument, without which this work
could not have been completed. We also would like to thank Robert
McIvcr a n d Rick IIunter for their assistance with the I’-1’-ICR
measurements.

13



1,

2.

‘3. .

4 .

5. .

6.

7.

8.

9.

M. J. Mcllwan,  V. G. Anicicll, W. ‘1’. IIuntress,  Jr., P. R. Kcmpcrer, and
M. T. Bowers, in Proceedings of IAU Symposium No. 87, lnlcrstellar
M o l e c u l e s ,  cd. ,  }1, 11.  Andrew, (Reidcl,  Dordrccht) pp .  305-306
(1980) .

M. .1, McIiwan, V. G. Anicich, W. “l’. huntress, P. R. Kemper,  and M, T.
llowcrs, C~hem.  P}2y.$.  I,efl.,  75, 278 (1 980).

11. 1. Schiff  and D. K. Bohnm,  Ap. J., 232, 740 (1979).

11. 1 .  Schiff ,  G. 1. M a c K a y ,  G. D. Vlachos,  and D, K.  Bohme,  in
Proceedings of IAU Symposium No. 87, Interstellar Molecules, cd., B.
}1. Andrew, (Rcidel, l~ordre.cht) pp. 307-310 (1 980).

1,. M, Bass, P. R. Kemper, V. G. Anicich,  and M. T. Bowers, J. Am.
Chcm. Sot., 103,  S283 (1981).

D. Smith and N. G. Adams, Swarms of ions and Electrons in Gases,
ltd. by W. I,indinger, “1’. D. Mark, and F. Iloworka, (Springer-Verlag,
New York, (1 989), pp. 194-2.17.

P. R. Kemper. L, M. Bass, and M, T. IIowers,  J. ]’hys.  Chem.,  89, 1105
(1985),

A, J. IIlies, Shuying Liu, and M. ‘l’. Bowers, J. Am. Chem. Sot., 103,
5674 (1981),

R, G. Gilbert and M, J. McIiwan, Aust. J, Chem.,  38, 231 (198 S).

10. S. C. Smith, M. J. McEwan, and R. G. Gilbert, J. Chem. Phys.,  90, 1630
(1989),

11. IonSpcc  Corporation, 17951 Skypark Circle, Suite K, Irvine,
California 92714.

12. P. R. Kempcr and M. T, Bowers, /n/. J. Mass Spectrorn.  Ion Phys., 52,

14



1, (1983).

13. D. 1.. S m i t h  a n d  J. 11, lhtrcll, lnt. .). A4ms Spcctrom. Ion Phys., 1 4 ,
171, (1974).

14, J. Wronka  and D. P. Ridge, Rev. Sri. lnstrum., 43, 49 (1982).

15, See V. G. Anicich,  J. Phys. and Chem.  Ref. Data,  22, 1469 (1 993).

16. “ T h e  131ind M e n  a n d  t h e  E l e p h a n t , ”  retold b y  Ellain Quigley

(Scribners, New York, 1959),

15



I’igurc Captions

I:igurc 1. Semi-log plot of the methyl ion decay with time. IICN present at

6.0 x 10-7 ‘rorr.

}iigure 2. hlass spectrum of a lllet}lallc-}~ydrogell cyanide mixture as seen
in the ICR trapped-mode. Reaction time 75 Ins, IICN pressure 6.0

x 10-7 Torr and CIId pressure 6.0 x 10-7 Torr .

F’igure 3, The reaction of the methyl ion with hydrogen cyanide. Using the
IOnspcc I’-I’-lCR.

IJigure 4. Model ion abundance for the co~lditions of the FI’-1CR. l’he index
a refers to products of the collision stabilized channel and the
index b refers to products of the radiative association channel.

l~igure 5. Plot of the observed 2nd order reaction rate coefficient vs. Rath

gas pressure for the reaction of the methyl ion with hydrogen
cyanide. “1’aken from reference 7.

liigure  6. Mass spectrum of a r~~ctllanc-l)>~drogel~ cyanide mixture as seen
in the ICI< drift-mode. Reaction time -1 ms, IICN pressure 4,0 x
10-5 ‘1’orr and Clld pressure 2.0 x 10-5 Torr.

I;igure 7. Mass spectrum of a typical ion concentration in the “1’andem ICR-
Denlpster-lCR.  Reaction time =1 ms and IICN pressure -2 x 10-4
‘1’orr.

I~igure 8. Data from the ‘1’andcm lCR-Den~pster-ICR  for the methyl  ion
reaction with hydrogen cyanide, Data
from model calculations.

Figure  9. Showing the fraction of the associat
collisional stabilization.

points are notes. I.ines  are

on product formed” from
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Figure 1. Semi-log plot of the methyl ion decay with time. HCN
present at 6.0 xl 0-7 Torr.
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Figure 2. Mass spectrum of a methane-hydrogen cyanide mixture as seen in the ICR
trapped-mode.
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Figure 5. Plot of obsewed 2nd order reaction rate coefficient vs. bath gas
pressure for the reaction of the methyl ion with hydrogen cyanide. Taken from
reference 7.
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Figure 6. Mass spectrum of a methane-hydrogen cyanide mixture as seen in the ICR
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